Efficient lithium-ion batteries will play an important role within the development of future mobile and stationary applications such as portable microsystems, high power electric vehicles or high energy storage devices. All applications strongly require an improvement of the materials used in electrochemical cells in order to increase stability, power and energy density as well as cell lifetime. To challenge this demand, the development of future cell systems is mainly focused on the composition of solid electrolytes as well as on powerful rechargeable lithium-ion intercalation electrodes consisting out of nano-composite materials. In this work, thin film electrodes based on lithium manganese oxide compounds were deposited by radiofrequency magnetron sputtering on steel and silicon substrates. Within a new technical approach, UV-laser process technologies using a wavelength of 248 nm were applied in order to form three-dimensional cathode structures. Rapid laser annealing processes operating at 940 nm were performed to adjust an appropriate crystalline phase. Phase and structural analysis was performed using Raman spectroscopy, X-ray diffraction and electrochemical testing. The principle set-up of a three-dimensional all-solid state cell was shown by sputtering of lithium vanadium silicon oxide electrolyte and aluminium anode material on top of the lithium manganese oxide 3D structures.
Introduction
The development of 3-dimensional (3D) cell architectures for electrodes for lithium-ion batteries is one promising approach to overcome problems like 1-dimensional Liion diffusion, inhomogeneous current densities, power losses, high interelectrode ohmic resistance [1] as well as mechanical stresses due to high volume changes resulting from Li-ion insertion [2] . New cell designs and manufacturing methods are required e.g. for applications in microelectronic devices [3] or microelectromechanical systems (MEMS) [1] . Therefore, especially cathodes are required which show good electrochemical performance and, depending on the synthesizing route, good Li-ion diffusion properties. Material requirements for the cathode are well nano-crystallized phases, phase stability during the charging and discharging process, low costs and non-toxicity. The latter fact can be achieved using cathodes based on lithium manganese oxygen compounds (Li-Mn-O) which are strong competitors concerning costs and environmental safety [4] in comparison to cobalt or nickel based intercalation cathodes [5, 6] . Disadvantages of Li-Mn-O cathode materials are the suffering from phase instabilities and phase changes induced through Jahn-Teller distortion and electrochemical cycling [7, 8] , chemical degradation effects such as loss of active material by chemical reaction with the liquid electrolyte [9] as well as destabilization of the electrode when operating the electrochemical cell near or below the 3 V region [7] . The understanding and control of mechanisms of formation and stability of the Solid Electrolyte Interphase (SEI) is one of the most important issues in development of advanced electrodes. Therefore, one future challenge is to understand and analyze the cycling behavior of the synthesized manganese based cathode compound and to set-up new 3D cell designs which may be integrated into micro-devices. One new process is to pattern radiofrequency (rf) magnetron sputtered thin films by a direct laser patterning process in order to increase the active surface and to provide faster Li-ion diffusion which has already been demonstrated in the past for several thin film electrode materials [2, [10] [11] [12] [13] [14] . Another promising approach to get rid of thickness limitations and to form defined patterns is the laser direct-write (LDW) technique where electrode materials are printed on substrates and can therefore form user-defined patterns [3] as well as the laser induced forward transfer (LIFT) technique e.g. to integrate power sources into an electronic device [15] .
Experimental section

Electrode and electrolyte thin film deposition
Thin films in the Li-Mn-O system were grown on stainless steel (diameter 12 mm) and silicon (100) (area 1 cm 2 ) substrates by non-reactive rf magnetron sputtering using a Leybold Z550 coating facility. The deposition atmosphere was pure argon. The LiMn 2 O 4 target from MaTeck GmbH had a diameter of 3 inches and a thickness of 0.25 inches. The purity was determined to be 99.9 %. The target and the substrate plate had a distance of 6 cm. The target power was 200 W and the working gas pressure was set to 0.25 Pa. Before thin film deposition, the substrates were ultrasonically cleaned in acetone and isopropanol each for 15 min and were afterwards plasma-etched in argon for 15 min. The thickness of the as-deposited thin films was in the range of 2 -3.3 µm depending on the location on the substrate plate during deposition and was measured using a surface profilometer. The maximum thin film growth rate was calculated to be 13 -5 S/cm [16] . Aluminium (Goodfellow GmbH) as the anode was sputtered at 50 W under 0.5 Pa working pressure.
Reference powder
Lithium manganese(III,IV) oxide powder (SigmaAldrich) was used as a reference material for Raman spectroscopy and X-ray diffraction measurements of the Li-Mn-O thin films. The purity of the powder was > 99 % and the particle size < 0.5 µm (BET, [17] ) while the density was specified to be 4.1 g/cm 3 at 25 °C.
Laser structuring and -annealing processes
Thin film laser structuring was performed using a short pulse excimer laser (ATLEX-500-SI, ATL Lasertechnik GmbH). The operation wavelength was λ = 248 nm and the repetition rate could be adjusted in the range of 1 -500 Hz. At FWHM the laser pulse length counted 4 -6 ns. The raw beam reveals a rectangular intensity profile and chromium/quartz mask techniques could be implemented for large area direct laser patterning of the Li-Mn-O thin films. Therefore, a chromium coated suprasile  type quartz glass was used. The objective lens had a demagnification factor of 1:10 and the maximum laser fluence was determined to be 5 J/cm 2 on the sample surface. The laser fluence could be controlled via a motorized beam attenuator. Heat treatment of the Li-Mn-O thin films was achieved by laser annealing using a high power diode laser system (FLS IronScan, Fisba Optik AG) operating at a wavelength of λ = 940 nm. The diameter of the laser beam in focus was 1 mm and the annealing temperature was controlled on-line by a pyrometer (FLS PyroS, Fisba Optik AG). The adjustment control for constant temperature was realized within an adjustment time of 1 ms. The temperature could be varied in the range of 120 -700 °C.
Phase, structure and morphology analysis
Micro-Raman spectroscopy was performed for Li-Mn-O phase analysis of the thin films and reference powder. The measurements were done with a Renishaw-1000 system equipped with an argon-ion laser (excitation wavelength λ = 514.5 nm, power output P = 23 mW). The output power was reduced to 10 % in order to avoid decomposition or annealing of the materials.
Structural analysis was investigated using X-ray diffraction (type Seifert PAD II, Bragg-Brentano arrangement, Cu Kα1 radiation, λ = 0.154 nm).
The surface morphology of the laser structured and laser annealed Li-Mn-O thin films was performed using a scanning electron microscope (Philips XL 30S).
Cell fabrication and electrochemical testing
Test cells were set-up in an argon-filled glove box (LABmaster sp, M. Braun Inertgas-Systeme GmbH) using the Swagelok ® geometry. Therefore, a laser-annealed LiMn-O thin film (substrate area 1.131cm
2 ) was used as cathode and lithium metal was applied as counter electrode for both, galvanostatic testing and cyclic voltammetry (CV). Liquid electrolyte composed out of a solvent mixture of ethylene carbonate and dimethyl carbonate (EC/DMC) in a ratio of 1:1 containing 1 M lithium hexafluorophosphate (LiPF 6 ) as conducting salt was used as well as one layer of glass microfiber separator (GF/A filter, thickness 260 µm, whatman company). Electrochemical cycling as well as CV was performed using an Arbin Instruments BT2000 testing system. In order to match a specific C-rate, the practical capacity of about 110 mAh/g for LiMn 2 O 4 in the range of 3.0 -4.2 V [8] was assumed in order to define a constant current for charging and discharging the test cell. Therefore, the C-rate is defined as the ratio of discharge current to capacity [A/Ah = 1/h] and describes the duration of one half-cycle. Considering a Li-Mn-O thin film density of 4.02 g/cm 3 [14] after rf magnetron sputtering, the constant dis-/charging current could be calculated to be 27.06 µA (C-rate of C/5) taking into account the thin film mass and practical capacity.
CV scans were recorded between 2.5 -4.3 V as well as between 3.0 -4.3 V using a constant 0.02 mVs -1 sweep rate for all measurements.
Results and discussion
The formation of three-dimensional surface structures in Li-Mn-O thin films requires the application of chromium/quartz mask techniques for direct patterning of the cathode because self-organized formation of 3D structures due to UV-laser irradiation of the thin film does not take place, e.g. like cone growth in LiCoO 2 thin films [11] [12] [13] . For using the direct laser patterning process for asdeposited Li-Mn-O thin films two different mask patterns were investigated, schematically shown in Fig. 1 . The dimensions on the mask for the grating pattern ( Fig.  1, left) show quadratic chromium areas with a width of 20 µm and a pitch of 40 µm from edge to edge of two such areas in each direction. In order to form narrow channels within the material, a mask with a line pattern was applied also showing a width of 20 µm of the chromium areas and a line-to-line pitch of 40 µm ( Fig. 1, right) . Fig. 2 shows the result for the laser patterning process using the grating mask depicted in Fig. 1 , left. Spherical surface structures were formed with smooth surfaces and without any debris. Slight solidification boundaries were detected on the structured surfaces but they disappear within the subsequent annealing process as shown by Fig. 4 , where a linking of grains is detected. Laser ablation was performed under ambient air using a laser fluence of ε = 1.6 J/cm 2 , N = 60 laser pulses and a repetition rate of ν rep = 100 Hz. Within the use of the line patterned mask high aspect ratio structures (of up to 5) could be formed. Fig. 3 shows line structures with channel widths of about 400 nm using 1.6 J/cm 2 , 60 laser pulses and 100 Hz. Considering the numerical aperture of the objective (NA = 0.105) and the laser wavelength of λ = 248 nm, the minimum distance d in between two distinguishable structures can be calculated out from Eq. 1 as follows: Taking into account the mask structure dimensions and the objective demagnification of 1:10 it is obvious that the minimal feature sizes e.g. the channel width should count 2 µm. Due to this fact, it is obvious that diffraction effects play an important role during the laser irradiation process getting more pronounced when increasing the laser fluence ε and therefore, feature sizes below the calculated theoretical minimum were achieved. This process can be described as multiple beam interference very similar to the laser patterning process obtained with phase shift masks [18] where structure sizes down to 200 -400nm can be achieved.
Laser annealing processes for cathode thin films composed out of Li-Mn-O [14] or LiCoO 2 [11, 13] represent a powerful tool for setting-up an appropriate crystalline phase which is electrochemically active. The main advantages compared to conventional furnace annealing are reduced processing times (seconds instead of hours) and the precise control of grain sizes as a function of annealing time and temperature [11, 14] . The latter fact is depicted in Fig. 4 . While the grains grown by laser-annealing (Fig. 4,  a) show a prismatic topography with linking in between the grains and sizes up to 250 nm in lateral expansion, the grains obtained through furnace annealing for three hours at 700 °C are significantly larger (~500 nm) and form a craggy surface due to inhomogeneous grain orientation and size. Rapid laser-annealing methods were applied as thermal treatment process of the as-deposited Li-Mn-O thin films in order to form a crystalline phase. Therefore, within an annealing time of t = 100 s, a laser scanning velocity of v = 1000 mm/s and an average annealing temperature of T = 680 °C a spinel-like phase could be achieved. Fig. 5 shows both, the Raman spectra for the LiMn 2 O 4 reference powder (a) as well as for the laser-annealed Li-Mn-O thin film (b). A broad peak at 625 cm -1 can be detected out from Fig. 5 , b indicating the A 1g symmetry which corresponds to a stretching vibration of manganese and oxygen compounds within the MnO 6 octahedra and it is broad due to a variation of the binding lengths of anions and cations within the structure [19] . The corresponding peak of the reference powder has its maximum at a slightly higher wave number of 635 cm -1 (Fig. 5, a) . The low intensity shoulder coming up at 583 cm -1 (F 2g species) is supposed to be linked to the averaged manganese oxidation state. This would consider the feature of the spinel structure that isotropic [ ]O 6 octahedra exist side by side. For both, the thin film and the reference powder a weak Raman band at 483 cm -1 can also be detected and assigned to F 2g species (νMn-O) of the spinel phase [19] . Nevertheless, high temperature (T > 600 °C) annealing was preferred to overcome the electrochemical inactive Li 2 MnO 3 phase [20] which develops around T = 600 °C [14] . [22] . However, this suggestion would desire for oxygen integration during the laser-annealing process under ambient air and an enrichment of lithium. It is not yet clear, if laserannealing may lead to such a desired atomic ratio located directly within or slightly besides this specific spinel region and forms a thermodynamically stable or unstable phase.
X-ray diffraction analysis of spinel powder as well as of an annealed thin film is shown in Fig. 6 . The XRD pattern of the powder (Fig. 6, a) is in good agreement with the results reported by Julien and Massot [7] and Kitamura et al. [23] for spinel LiMn 2 O 4 (space group: Fd3m). Miller indices were determined out from [24] and [5] and assigned to the powder diffraction pattern. Concerning the laserannealed thin film, not all of the powder reflexes can be observed and some show slight peak shifting compared to the powder pattern. This may result from differences in stoichiometry and therefore, in a varying of the lattice constant a. Already Paulsen and Dahn [22] reported, that the Li:Mn ratio takes influence on the lattice constant a of the cubic spinel. Regarding a Li:Mn ratio of e.g. ~ 0.58, the lattice constant counts approximately a = 8.205 Å which is below the value of a stoichiometric compound of a = 8.245 Å [7, 25] . The diffraction pattern of LiMn 2 O 4 thin film prepared by rf magnetron sputtering reported by Xie et al. [26] does also show preferred reflexes. Indeed, it seems that laser-annealing leads to a diffraction pattern with a dominant peak close to the (440) reflex indicating a main texture within the thin film. [7, 25] . In this view, lithium on 8a [19, 27] Wyckoff sites, vacancies on 16c Wyckoff sites and the resulting Li-ion diffusion paths in red are depicted while manganese on 16d [19, 27] and oxygen on 32e [19, 27] sites are not presented in this view. It is suggested, that a similar specific orientation as a dominant texture was obtained through laser-annealing of Li-Mn-O thin films at t = 100 s, T = 680 °C and under ambient air. In order to validate the ability of Li-ion motion and diffusion within the achieved phase, electrochemical testing provides a powerful tool. Therefore, correlation in between CV measurements and galvanostatic testing may figure out the voltage plateaus and current peaks which indicate Liion diffusion mechanisms due to weak slopes within the dis-/charging curve or an increase in current. Such features are able to characterize the synthesized material. Before starting galvanostatic testing, CV measurements were carried out in order to determine an ideal voltage window for avoiding lithiation of the spinel compound below 3 V and therefore, phase transitions during cycling of the cathode [28] as well as accompanied chemical degradation effects such as unstable SEI formation on the cathode side and loss of active material due to chemical degradation of the electrode material [9, 14] . Fig. 8 shows a cyclic voltammogram of a laser-annealed Li-Mn-O thin film in a voltage range of 2.5 -4.3 V. The redox peaks (3.95 V/4.03 V and 4.08 V/4.17 V) in the 4 V region can be clearly identified and are quite sharp which indicates a well-crystallized and nano-crystalline structure [29] . Those peaks specify a two-step process for Li-ion de-/intercalation with a homogeneous phase (3.95 V/4.03 V) and the coexistence of two cubic phases (4.08 V/4.17 V) with different lattice constants [28] while the two-step-process is associated with Li-ion ordering on half of the tetrahedral 8a sites [30] . This is characteristic for stoichiometry spinel LiMn 2 O 4 following Equations 2 and 3 [31] [32] [33] :
At 3.8 V an oxidation peak can be observed. This peak might belong to the spinel structure but the reason for its appearance is still unknown [34] . On further decreasing the voltage below 3 V, a third redox pair occurs (2.85/3.04 V) indicating the onset of a phase transition from cubic to tetragonal [35] due to lithiation of the spinel [34] 
This phase transition induces the onset of a global JahnTeller lattice distortion due to > 50 % of Mn 3+ ions [25] accompanied by different chemical reactions such as disproportionation effects, formation of surface near electrochemical inactive phases and dissolution of MnO into the electrolyte [9, 14] . These degradation mechanisms lower the cell performance and are therefore, partially avoidable when cycling the cathode in between e.g. 3.0 -4.2 V. Fig. 9 clearly indicates that such a phase transition can be avoided by reducing the operating voltage window of the electrochemical cell. CV gives evidence that near the 3.0 V region no phase transition from cubic to tetragonal occurs. Only the characteristic redox peaks for the above discussed two-step Li-ion de-/intercalation process occur, having their maxima at 3.93/4.05 V and 4.05/4.17 V which are in good agreement with the values reported in literature [26, 36] . It should be noted, that also within a spinel-like compound the lattice constants differ within different stateof-charges (SOC) but those are cubic-to-cubic transitions [28] . In summary, features that can be investigated through CV are effects like degradation due to the lowering of the current density (area below each curve) with an increase in cycle number, evidence for SEI formation or lowering of the electric conductivity and consequently change in the Liion diffusion behavior and diffusion constant. According to the CV results, the voltage window for galvanostatic testing was chosen to be 3.0 -4.2 V. Based on the measurements reported by Julien and Massot [8] , cycling within this voltage range equals the extraction of ~ 75 -80 % Li-ions out from the cathode host structure. This equals nearly 110 mAh/g for stoichiometric LiMn 2 O 4 . Within the assumption that laser-annealing leads to a spi-nel-like compound this value was used for calculation of the current for a C/5 rate (I = 27.06 µA). Fig. 10 describes the developing of the charging and discharging capacities in dependency of the cell voltage U. For capacity calculation both, the cathode area (1.131 cm 2 ) as well as the film thickness (2.7 µm) were taken into account. The second charging cycle shows a capacity of 38 µAhcm -2 µm -1 while the discharge capacity was calculated to be about 30 µAhcm -2 µm -1 . The values of the charging and discharging plateaus of the second cycle (charging: 4.03 V, 4.15 V, discharging: 4.05 V, 3.95 V) fit very well to the current peaks of the CV measurements and are in good agreement with those reported in literature [4, 26] . On further cycling the cathode, the discharge capacity drops down to 18 µAhcm -2 µm -1 . It is supposed that JahnTeller effect can not be eliminated completely when cycling near the 3 V region and therefore, partial chemical degradation effects may play an important role as well as mechanical degradation due to volume changes during the Li-ion de-/intercalation process and subsequent thin film delamination. Therefore, to prevent mechanical degradation and to improve cycle stability the laser patterning process can be applied [2, [10] [11] [12] [13] [14] . Fig. 11 shows the increase of cell voltage U over the time t for the second cycle. While the characteristic charging and discharging plateaus for the spinel compound can be clearly observed both, the charging as well as the discharging time does no reach the calculated value of 5 hours for each within the second cycle anymore.
In general, the parallel arrangement of the electrodes in lithium-ion batteries provides a 1-dimensional transport of lithium ions and therefore, to overcome power losses, the distance in between the electrodes is kept as small as possible, leading to the concept of thin film electrodes. Due to this fact, future cell designs will be based on 3-dimensional architectures [1] . One decisive role for the development of 3-dimensional electrode designs will play the laser patterning process in order to overcome power losses, inhomogeneity of current densities and electric field effects. Besides the thin layered films defined surface structures lead to further enhancement of the active surface areas, higher area-to-volume ratios (A/V) and may provide more homogeneous current distributions. Regarding micro battery devices thin film Li-ion cells are preferred with thin film solid-state electrolytes such as LIPON [37] or Li-V-Si-O [38, 39] . In order to investigate all-solid-state thin film batteries, rf magnetron sputtering and laser patterning processes were combined to demonstrate the feasibility of this concept. The goal is to apply PVD processes for setting-up thin film electrodes and to apply laser processes in a second step to form the 3-dimensional architecture. Within the laser patterning process 3-dimensional spherical surface structures were formed showing a small distance from structure to structure (see Fig. 2 ). In a third and fourth step, lithium vanadium silicon oxide (LVSO) used as solid electrolyte as well as aluminum (Al) were deposited on top of the surface structures with a maximum LVSO layer thickness of about 1.4 µm and a maximum Al layer thickness of about 700 nm. The challenge was to reach a complete coverage of these materials to the cathode and besides sporadic cracks this could be achieved in a first experimental approach. For the FIB procedure Platinum (Pt) was deposited on top of the 3D structures. The combination of laser patterning processes and rf magnetron sputtering might be a solution for overcoming problems of thickness limitations and disadvantages of 2-dimensional cell designs.
Summary
In this work direct laser patterning methods for fabrication of high-aspect and 3D microstructures in Li-Mn-O thin film cathodes were presented. It was shown that diffraction effects allow dimensions of about 400 nm which was significant below the objective resolution. Laserannealing of Li-Mn-O thin films at 680 °C formed a spinellike nano-crystalline phase with smaller grain sizes compared to extensive furnace annealing. Using X-ray diffraction for determining the crystalline structure is very complex for those thin films due to peak shifting. Yet a preferred (440) orientation could be achieved via laserannealing and was visualized with a schematic crosssectional lattice view. Via cyclic voltammetry electrochemical activity of the thin films was verified, also giving defined information about the synthesized thin film compound, the ability of the (440) texture for Li-ion diffusion as well as phase transitions during Li-ion de-/intercalation. Galvanostatic testing of the Li-Mn-O/Li cell revealed the typical dis-/charging plateaus for a spinel-like structure in the 4 V region. Within this measurement a charging capacity of 38 µAhcm -2 µm -1 and a discharging capacity of 30 µAhcm -2 µm -1 were obtained for the second cycle showing low capacity retention on further cycling. Therefore, future galvanostatic testing will be done with laser patterned Li-Mn-O thin films for capacity stabilization using the same C-rate. In order to investigate all-solid-state 3D thin film batteries, the principal set-up of this design was tested with respect to the coverage and adhesion in between the layers using Li-Mn-O as cathode, Li-V-Si-O as electrolyte and Al as an anode.
